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Electrical pulse measurements were used to study the polarization relaxation behavior of ultrathin epitaxial BaTiO 3 ferroelectric capacitors and to assess the effect of interface engineering on the relaxation process. The relaxation behavior was described as a transition from a single-to a polydomain state driven by an internal depolarizing field using the Kolmogorov-Avrami-Ishibashi switching model with a Lorentzian distribution of characteristic switching times. It was found that although the interface engineering stabilizes polarization to a larger value by removing a pinned interfacial dipole, the introduction of an additional polar discontinuity by interface engineering reduces screening effectiveness and leads to a larger depolarizing field and faster relaxation. Ultrathin epitaxial ferroelectric capacitors are increasingly gaining interest due to their use as model systems for studying electronic transport phenomena and the kinetics of phase transformations. [1] [2] [3] Technological advancements allowing atomic layer-by-layer growth with atomically abrupt interfaces have opened the possibility for nearly unlimited materials engineering. Conveniently, as the number of atomic layers falls, so grows the feasibility of first principle calculations to describe the physical properties of the systems. [4] [5] [6] It turns out that one of the major problems associated with the use of ultrathin ferroelectric capacitors in electronic devices is a progressive loss of polarization due to the increased depolarizing field. 7, 8 Several methods to enhance polarization stability have been explored, among them substrate-induced compressive strain, 9,10 selection of electrode materials with a shorter screening length 11, 12 and interface engineering based on first principle calculations. [13] [14] [15] Still, typically the remanent polarization in ultrathin ferroelectric capacitors is an order of magnitude lower than in bulk ferroelectrics. 16 This work aims to investigate the polarization relaxation kinetics in ultrathin SrRuO 3 /BaTiO 3 /SrRuO 3 heterostructures and to evaluate the effect of interface engineering on the relaxation process. The relaxation kinetics is discussed in terms of a modified Kolmogorov-Avrami-Ishibashi (KAI) switching model for disordered systems, 17 which encompasses the nanoscopic disorder potential and associated Lorentzian distribution of local characteristic switching times. It was found that although the interface engineering, which involves deposition of a very thin layer of SrTiO 3 at the SrRuO 3 / BaTiO 3 interface, enhances the remanent polarization value by eliminating the unfavorable RuO 2 /BaO termination, 13 it at the same time decreases screening efficiency. This in turn leads to faster relaxation in the engineered systems.
Single-crystalline epitaxial SrRuO 3 /BaTiO 3 /SrRuO 3 heterostructures have been grown by pulsed laser deposition on atomically smooth TiO 2 -terminated (001) SrTiO 3 substrates. Reflection high-energy electron diffraction has been used for in situ monitoring of the layer-by-layer growth process. This growth process results in a stoichiometric BaTiO 3 film with different atomic terminations on the opposite interfaces, i.e., one interface will be BaO terminated while the other will be TiO 2 terminated, since the usual AO-BO 2 stacking sequence is preserved at the interfaces in a heterostructure with SrRuO 3 electrodes. 13 Therefore, in the reference SrRuO 3 (3 nm)/BaTiO 3 (24 u.c.)/SrRuO 3 (30 nm) heterostructure (referred to as no-STO), the bottom interface has a TiO 2 -SrO termination sequence, and the top interface has a RuO 2 -BaO termination sequence. In another sample, the top interface has been engineered by introducing a SrTiO 3 layer with a thickness of 2 unit cells (u.c.) between the BaTiO 3 and top SrRuO 3 layers thereby changing its termination to the TiO 2 -BaO type. The engineered SrRuO 3 (3 nm)/ SrTiO 3 (2 u.c.)/BaTiO 3 (24 u.c.)/SrRuO 3 (30 nm) heterostructure is referred to as t-STO.
Polarization kinetics has been measured by studying the transient current response to a series of voltage pulses applied across a ferroelectric capacitor. 18, 19 The pulse trains have been generated using an Agilent 33220A generator and the associated current through a series resistor (50 X input impedance) has been measured with a Tektronix TDS3014B oscilloscope. The input voltage waveform and the output current signals are shown in Fig. 1(a) . A typical input pulse train consists of a write pulse W and a read pulse R of the same amplitude separated by a variable time interval. This method was chosen in place of previously used pulse trains, 17, 19 because the very fast (in the sub-ls range) relaxation process prohibits measuring a purely non-switching current signal. The transient current due to the application of each pulse consists of the switching current associated with transition from a certain polarization state to a fully saturated polarization state plus the current due to dielectric charging. The current peak at the terminating edge of a voltage pulse similarly corresponds to polarization relaxation and dielectric discharging. In particular, the switching current associated with the read pulse R [shaded in Fig. 1(a) ] depends on the duration of the interval between the write and read pulses and can be tuned by applying a bias offset during this interval. 7 Notice that the read pulse switching current is smaller than that of the write pulse W due to incomplete polarization decay over the intermediate interval dielectric charging component, and subtracting the measured change in polarization from the initial polarization value measured during the writing pulse W
Here P R is the remanent polarization, P S is the initial polarization state after the action of the write pulse W, A is the capacitor area, C is the linear component of capacitance, i is the current measured by the read pulse R, and DV is the voltage drop across the capacitor. The linear capacitance of the system C was measured by integrating the non-switching current associated with an applied voltage step, which did not switch the polarization direction. This measurement yields a capacitance density of 7.3 6 0.5 lF/cm 2 for both no-STO and t-STO samples. Although a decreased capacitance density may be expected for t-STO compared with no-STO due to the additional dielectric layer of t-STO, it is not straightforward to determine the effect of interface engineering on the overall capacitance density for two reasons. First, the dielectric properties of the 2-u.c.-thick SrTiO 3 interlayer are not known. A reduced dielectric constant of ultrathin SrTiO 3 layer would lead to a significant decrease of the overall capacitance. On the other hand, the dielectric constant of the SrTiO 3 interlayer may be significantly amplified by compressive strain. 13, 20 This would induce a ferroelectric phase transition near room temperature 21 and thus significantly increase the dielectric constant of the interlayer resulting in a negligible effect on the overall capacitance. Second, according to first principle calculations, 22 certain termination sequences at the SrTiO 3 /BaTiO 3 interface can lead to formation of the interface dipoles, thereby allowing the possibility of an increased capacitance in the engineered heterostructures.
A modified KAI model 17 has been used to describe the relaxation behavior in ultrathin BaTiO 3 ferroelectric capacitors. It was demonstrated by Jo et al. 23 that the depolarizing field decreases the thermodynamic barrier for domain nucleation in ultrathin ferroelectric films to a level where it can be thermally overcome. Thus, from a nanoscopic perspective, relaxation can be considered as a multitude of nucleation events followed by lateral domain growth driven by local internal fields. The KAI switching kinetics takes the functional form 17 DPðtÞ
where t 0 is a characteristic switching time and n is dimensionality (n ¼ 2 in this case). In Eq. (2), the term in square brackets represents the conventional KAI switching kinetics. 24 Disorder in the BaTiO 3 film results in spatial variations in t 0 among nanoscopic switching areas described by distribution function F(x). Following Jo et al. 17 in utilizing the analogy between magnetic 25 and electric dipole interactions we chose a Lorentzian distribution for F(x)
where log t 1 and w represent the center and width of the distribution, respectively. Integration with F(x) in Eq. (2) gives the cumulative switching behavior of the entire capacitor. When w approaches 0, F(x) approaches a delta function, and the conventional KAI switching model is recovered. In the case of relaxation, the 2P S in Eq. (2) is replaced with a constant fitting parameter indicating the degree of relaxation. In all, the relaxation process is modeled as a sequence of nucleation and slow growth events occurring with a distribution of characteristic times, t 0 , which varies spatially due to the defect distribution.
The polarization relaxation behavior plotted in Fig. 1 shows that the upward polarization decays to 2 lC/cm 2 in 
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in the same time interval. The downward polarization (not shown) decays to nearly zero in the reference no-STO capacitors while in the engineered t-STO capacitors it undergoes not just relaxation but backswitching to the value of 2 lC/cm 2 . The remanent net polarization DP R ¼ P R,up À P R,down is thus only 2 lC/cm 2 for the reference and 6 lC/cm 2 for the engineered sample. It is consistent with previous results 13 that polarization is more stable in the sample with the engineered top interface although the polarization values measured in this work are larger due to a smaller timescale of decay. Polarization imprint is consistent with an asymmetry in the magnitude of the depolarizing field for the two polarizations.
Depolarizing field, E d , can be measured by changing the dc bias offset between the write and read pulses ( Fig. 1(a) ) until relaxation is fully suppressed. 7 The average E d determined from the compensating dc offset was 615 6 50 kV/cm (0.59 6 0.05 V) for no-STO and 717 6 50 kV/cm (0.77 6 0.05 V) for t-STO samples. This represents an increase of 16% for the interface-engineered sample. These values are comparable to the values reported earlier by Kim et al. 7 To explain the seemingly paradoxical notion that a higher remanent polarization value is achieved with a larger depolarizing field, we recognize that the energetics of the system depend on more than just the electrostatics considerations of Mehta et al. 26 Specifically, first principle calculations and experimental studies 13 show that the addition of the SrTiO 3 layer at the top SrTiO 3 /BaTiO 3 interface deepens the double well potential of the system by changing the interface termination and removing the pinned RuO 2 /BaO dipole, which destabilizes polarization in the reference capacitors. Additionally, although it has been demonstrated that SrTiO 3 can become ferroelectric within a heterostructure containing BaTiO 3 , 27 the overall tetragonality (c/a ratio) of the SrTiO 3 layer in these structures has proved to be less than a percent where the dominant effect has been bolstering of the dipole in the BaTiO 3 layer. 28 Thus, the interface engineering boosts polarization retention, at the same time leading to inferior charge screening in the electrode and a larger E d .
Further insight into the effect of interface engineering on polarization relaxation can be obtained from investigation of the remnant net polarization DP R as a function of time for both no-STO and t-STO samples [ Fig. 2(a) ]. The data were collected using the pulse train illustrated in the inset of Fig. 2(a) , which allows alleviation of the linear dielectric contribution to the measured current signal. The plot also demonstrates the significant enhancement of the remanent polarization value due to interface engineering consistent with the results of Ref. 13 . Comparison of the characteristic relaxation time t 0 distribution between the reference and engineered capacitors is illustrated in Fig.  2(b) . The interface engineered sample t-STO relaxes faster than the reference sample no-STO but stabilizes at a larger value of remanent polarization. More specifically, the center of the t 0 distribution in the interface engineered capacitor is 46 ns as compared to 89 ns in the reference capacitor. This faster relaxation is attributed to a larger depolarizing field due to the nonpolar interfacial layer in the engineered system. In summary, the dynamics of polarization relaxation in ultrathin BaTiO 3 capacitors is well described within the modified KAI model, which accounts for a substantial degree of disorder in the system originating from the spatial variation of the activation energy and thus the characteristic switching time. Furthermore, it was shown that although the interface engineered capacitors retained a larger value of polarization, due to a larger depolarizing field they relaxed faster than the reference samples. Clearly a balance must be struck between the beneficial effect of interface engineering that removes deleterious pinned dipoles with the detrimental effect of poorer screening and a larger depolarizing field. 
